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The ethanol electro-oxidation reaction was studied on carbon-supported Pt, Rh, and on Pt overlayers
deposited on Rh nanoparticles. The synthesized electrocatalysts were characterized by TEM and XRD.
The reaction products were monitored by on-line DEMS experiments. Potentiodynamic curves showed
higher overall reaction rate for Pt/C when compared to that for Rh/C. However, on-line DEMS measure-
ments revealed higher average current efﬁciencies for complete ethanol electro-oxidation to CO2 on Rh/C.
The average current efﬁciencies for CO2 formation increased with temperature and with the decrease in
the ethanol concentration. The total amount of CO2, on the other hand, was slightly affected by the tem-
perature and ethanol concentration. Additionally, the CO2 signal was observed only in the positive-going
scan, none being observed in the negative-going scan, evidencing that the C–C bond breaking occurs only
at lower potentials. Thus, the formation of CO2 mainly resulted from oxidative removal of adsorbed CO
and CHx,ad species generated at the lower potentials, instead of the electrochemical oxidation of bulk eth-
anol molecules. The acetaldehyde mass signal, however, was greatly favored after increasing the ethanol
concentration from 0.01 to 0.1 mol L1, on both electrocatalysts, indicating that it is the major reaction
product. For the Pt/Rh/C-based electrocatalysts, the Faradaic current and the conversion efﬁciency for
CO2 formation was increased by adjusting the amount of Pt on the surface of the Rh/C nanoparticles.
The higher conversion efﬁciency for CO2 formation on the Pt1Rh/C material was ascribed to its faster
and more extensive ethanol deprotonation on the Pt–Rh sites, producing adsorbed intermediates in
which the C–C bond cleavage is facilitated.
 2012 Elsevier B.V. All rights reserved.1. Introduction
Direct alcohol fuel cells (DAFCs) are attractive power sources,
mainly for portable electronic devices. Particularly, ethanol is an
interesting fuel for commercial fuel cells mainly due to its high en-
ergy density, and because it is a renewable fuel, that can be pro-
duced in large quantities through the fermentation of biomass
[1–6]. However, many obstacles have to be overcome due to the
difﬁculty of oxidizing bulk ethanol molecules to CO2. The total
electro-oxidation of ethanol to CO2 requires steps of adsorption,
dehydrogenation, C–C bond breaking, and oxidation of the result-
ing CO and other CHx adsorbed intermediates, as investigated by
theoretical [8], spectro-electrochemical [9–13], and mass spectro-
metric studies [6,14–16]. Otherwise, the ethanol oxidation under-
goes parallel reactions, producing acetaldehyde, and acetic acid as
major products, instead of CO2.ll rights reserved.
x: +55 16 3373 9952.
.Aiming at understanding the ethanol electro-oxidation mecha-
nism, many works have investigated the effects of the electrolyte
pH, the composition and morphology of the catalyst (PtRu/C and
Pt3Sn/C [17], PtRh/C [5,15], PtRhSnO2/C [18], and PtIrSnO2 [19]),
and that of operational parameters such as ethanol concentration
and temperature [20–22].
Lai and co-authors [23] investigated the electrochemical oxida-
tion of ethanol on Pt and Au electrodes in electrolytes of varying
pH and composition. They proposed two different routes for the
reaction: the C2- and C1-pathways: In the C2-pathway, the
carbon–carbon bond of ethanol remains intact upon oxidation,
and it is converted to acetaldehyde and eventually to acetic acid/
acetate. At lower solution pH, it has been suggested that the ﬁrst
step of oxidation is the cleavage of the O–H bond of ethanol on
the electrocatalyst surface leading to adsorbed ethoxy. It is fol-
lowed by oxidation to acetaldehyde and, eventually, it may suffer
additional oxidation to acetic acid. At high pH, it was proposed that
ethoxy (in solution) is the dominant reactant species for oxidation
to acetaldehyde rather than ethanol. Considering that the ﬁrst step
of the oxidation of ethanol to acetaldehyde requires the formation
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the ethanol electro-oxidation rate at high pH values ( > 11), as
the formation of acetaldehyde is essentially a single dehydrogena-
tion step, as opposed to lower solution pH where it requires two
dehydrogenation steps. In the C1-pathway, the carbon–carbon
bond can be broken in ethanol or acetaldehyde, at low potentials,
producing COad and CHx-species, which, eventually, oxidizes to car-
bon dioxide [9,24,25]. At high pH, acetaldehyde can produce the
[CH2CHO] anion, in which the C–C bond is less shielded and,
therefore, more easily accessible for bond breaking at the electrode
surface. The authors suggested that this enhanced C–C bond break-
ing, combined fact that the CHx,ad and COad can be oxidized at low-
er overpotentials in alkaline media, compared to acidic media,
explaining why the selectivity towards the C1-pathway is en-
hanced in alkaline media [23].
Using polycrystalline Pt and Pt(1 1 1) electrodes in acid media,
Camara and Iwasita [4,26] showed higher acetic acid and CO2 pro-
duction, but at much lower extent, for low ethanol concentrations
(0.01–0.05 mol L1), when compared to the results obtained in
higher ethanol concentrations (above 0.2 mol L1), in which acetal-
dehyde was the major reaction product. The authors argued that
low CO2 and acetic acid formation at high ethanol concentrations
was probably due to the limited availability of free Pt sites for
water adsorption, which is the O-donor for the oxidation steps.
Sun et al. [14] have investigated the ethanol electro-oxidation
on Pt/C catalyst over a wide range of temperature, using the Differ-
ential Electrochemical Mass Spectrometry (DEMS) technique. The
electrochemical measurements, Faradaic current and CO2 forma-
tion rate measured at 3 bar overpressure, revealed signiﬁcant ef-
fects of the temperature and ethanol concentration on the total
reaction activity and on the electrochemical conversion efﬁciency
for CO2 formation. Higher efﬁciencies were obtained for higher
temperature, lower concentration and lower electrode potentials
(nearby 90% current efﬁciency for CO2 formation at 100 C,
0.01 mol L1 and 0.48 V). On the other hand, at higher ethanol con-
centrations, higher potentials or lower temperatures, the current
efﬁciency for CO2 was much poorer (1.6% at 23 C, 0.1 mol L1
and 0.68 V).
Wang and co-authors [17] studied the electrocatalytic activity
of PtRu/C and Pt3Sn/C bimetallic particles for ethanol electro-oxi-
dation in acid media, using DEMS. The results showed that the
addition of Ru or Sn in binary Pt catalysts lowers the reaction onset
potential, but does not improve the selectivity for complete oxida-
tion to CO2, which was about 1% for all three catalysts under pres-
ent reaction conditions. In these materials, the incomplete ethanol
oxidation to acetaldehyde and acetic acid prevails. The obtained re-
sults demonstrated that the performance of the investigated cata-
lysts is limited by their ability for C–C bond breaking rather than
by their activity for the oxidation of adsorbed intermediates such
as COad or CHx,ad species.
In previous papers [7,15,16], it was observed that Rh-containing
electrocatalysts present a signiﬁcant increase in the current efﬁ-
ciency for CO2 production or higher CO2/acetaldehyde ratios, when
compared to that for pure platinum electrodes. Kowal et al. [18,27],
studying the ethanol electro-oxidation on PtRh/SnO2 electrocata-
lysts, observed a pronounced conversion of ethanol to CO2. They
stated that the reaction adsorbates are formed, preferentially, on
the pure Rh sites, with the exception of atomic hydrogen, which fa-
vors the Rh–Pt hybrid hollow sites. The authors proposed that the
ethanol decomposition on RhPt/SnO2(1 1 0) occurs through an
oxametallacyclic conformation, in the form of CH2CH2O, that en-
tails direct C–C bond breaking.
As has been demonstrated before, the combination between dif-
ferent metals, forming bi- or multi-metallic nanoparticles conducts
to two main effects: (i) the bi-functional mechanism [28] and, (ii)
the ligand effect [29], induced by the electronic interactionbetween the metals. In the case of structures formed by Pt–Rh al-
loys, or Ptshell–Rhcore, there is a down-shift of the Pt 5 d-band center
[30–33], which is mainly caused by the lattice mismatch, and the
strong electronic interaction between Pt and Rh atoms [31], lead-
ing to a reduced adsorption strength of reaction absorbates on
the Pt surface. Also, in the case of partial Pt coverage, the Rh atoms
can be exposed to the electrolyte, offering active sites for the eth-
anol adsorption, and having the presence of Pt atoms in the neigh-
borhood. However, the information and the understanding of the
activity of Rh-based electrocatalyts for ethanol electro-oxidation
are still very scarce. Also, little is known about the effect of nano-
particles composition and structure, such as core–shell, on the
products distribution during the ethanol electro-oxidation reac-
tion. Therefore, this work aims at studying the electrochemical oxi-
dation of ethanol catalyzed by Pt, Rh, and Pt overlayers deposited
on carbon-supported Rh nanoparticles. It investigates the inﬂuence
of the different amounts of Pt in the Pt/Rh/C electrocatalyst surface,
ethanol concentration, and cell temperature on the reaction prod-
uct distribution. The electrochemical activities and the reaction
products were measured by experiments of on-line Differential
Electrochemical Mass Spectrometry (DEMS).2. Experimental
2.1. Synthesis and characterization of the nanoparticles
Carbon-supported Rh and Pt nanoparticles (20 wt.%), repre-
sented as Rh/C and Pt/C, were synthesized by the Impregnation
Method [34,35]: in this procedure, after dissolving the RhCl3 or
H2PtCl4 (Sigma–Aldrich) in an aqueous suspension of high surface
area carbon powder (Vulcan XC-72R), produced under sonication
for 10 min, the Rh or Pt ions were impregnated in the carbon
powder during the evaporation of the solvent in a petri plate at
80 C. The resulting powder was submitted to a thermal treatment
conducted in a tubular oven (MAITEC) under an argon atmosphere
at 100 C, for the complete elimination of water, followed by treat-
ment in a H2 atmosphere at 450 C for 1 h, for reducing the Rh or Pt
metal ions. Similar approaches for catalyst preparation were pub-
lished elsewhere [35,36].
The composition of the metallic nanomaterials was determined
by energy dispersive X-ray analysis (EDX), using a digital scanning
microscope (DSM 960 from Zeiss) with micro-analyzer Link Ana-
lytical QX 2000, using an electron beam of 63 kV. The distribution
of the metal nanoparticles on the carbon powder support and the
particle sizes were investigated by measurements of Transmission
Electron Microscopy (TEM), using a Jeol 2010 microscope, bearing
a LaB6 ﬁlament and operated at 200 kV accelerating voltage. The
samples were prepared by ultrasonically treating the catalyst pow-
ders in isopropyl alcohol. A drop of the resulting dispersion was
placed on thin carbon ﬁlms deposited on standard TEM copper
grids and dried in air. The images were acquired by observing
many different areas of the samples, in order to assess its average
characteristics. The diameters of the catalyst particles were mea-
sured from the TEM images using the ImageJ software. At least
500 nanoparticles of each sample were measured to build the size
distribution histograms.
Physical properties such as crystallographic structure and the
average crystallite size were estimated by X-ray diffraction mea-
surements (XRD) – RIGAKU ULTIMA IV, carried out in the scan axis
2h/h range from 25 up to 100, and using Cu Ka radiation (1.542 ÅA
0
)
with a scan rate of 0.5min1. The average crystallite sizes were
estimated from the (1 1 1) peak of the Pt or Rh diffraction patterns,
using the Scherrer equation [37].
Pt overlayers on the Rh/C nanoparticles, with three different Pt
coverage degrees, were prepared by the galvanic displacement by
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layer, as reported previously [38]. The working electrodes for the
UPD procedure were formed by a physical deposition of the Rh/C
nanoparticles, as a thin-ﬁlm, on a gold foil. For the Pt/Rh/C synthe-
sis, Cu was deposited from 50 mmol L1 CuSO4 and 0.10 mol L1
H2SO4 solutions. The electrodes were then rinsed with water in or-
der to remove Cu2+ ions from the solution ﬁlm, and rapidly im-
mersed in a 1.0 mmol L1 K2PtCl4 in 50 mmol L1 H2SO4 solution
under argon atmosphere. Allowing 10 min for noble metal to com-
pletely replace Cu, the electrodes were then removed from the
solution and rinsed again with water. The Pt atoms were deposited
on the surface of Rh/C nanoparticles at three different coverage de-
grees, in which the amount of Pt was controlled by the charge of
the Cu UPD during the negative-scan of Cu deposition: (1) repre-
sented by Pt0.5/Rh/C – prepared by negative-going scan to the value
that corresponds to half of a full UPD charge that can be obtained
in an entire scan of deposition (determined in previous scans); (2)
represented by Pt1/Rh/C – obtained after an entire negative-going
scan of Cu UPD deposition and (3) represented by Pt2/Rh/C – pro-
duced after executing the deposition process twice (Cu UPD fol-
lowed by Pt deposition, followed by a new Cu UPD and Pt
deposition). In all cases, after the potential excursion to the ﬁnal
potential, the electrodes were dragged out from copper ion electro-
lyte, and rapidly immersed in the platinum ion solution. Here, it is
important to mention that the maximum coverage of Pt per step of
Cu displacement, after the Cu UPD scan, is ca. 60% maximum. All
these operations were carried out in a multi-compartment cell in
an argon atmosphere in order to prevent the oxidation of the Cu
ad-atoms by the oxygen from the air. The resulted Pt/Rh/C nano-
particles were, then, removed from the gold foil by immersing
the electrode in isopropyl alcohol in an ultra-sound bath, followed
by evaporation of the alcohol.
2.2. Differential Electrochemical Mass Spectrometry (DEMS) setup
DEMS measurements were performed with a Pfeiffer Vacuum
QMA 200 quadrupole mass spectrometer using a setup consisting
of two differentially pumping chambers. Details of this method
are given elsewhere [39,40]. The method allows the on-line detec-
tion of volatile and gaseous products of electrochemical reactions
during the application of a potential scan. The electrochemical cell
was constructed following previously published principles [39,41].
In a typical DEMS experiment, the current vs. potential curves are
recorded simultaneously with the mass intensity vs. potential
curves, for selected values of m/z (mass/charge) ionic signals. The
electrode potential was cycled in the range of 0.05–1.0 V, and the
scan rate was 0.01 V s1.
The working electrodes for the DEMS experiments were pre-
pared in the form of a thin ﬁlm by pipetting 100 lL of an aqueous
suspension of the electrocatalyst (2.0 mg mL1) [42] onto a gold
layer (1.13 cm2 area, 50 nm thickness), obtained by Au sputtering
onto a Gore-Tex PTFE membrane (pore size 0.02 lm). After the
evaporation of water under 60 C, 20 lL of a diluted Naﬁon solu-
tion (from 5%, Aldrich) were pipetted onto the electrode surface,
followed by drying in an oven at 60 C, in order to attach the cata-
lytic particles on the working electrode.
The formation of carbon dioxide and acetaldehyde were moni-
tored individually at m/z = 22 (doubly ionized COþþ2 , 2.8% of the
main m/z = 44 CO2 peak) and m/z = 29 (COH+ main fragment,
220% of the m/z = 44 acetaldehyde peak), respectively. The
m/z = 22 instead of 44 signal was monitored in order to avoid inter-
ferences between the ion currents of the major ethanol electro-oxi-
dation products COþ2 and CH3CHO
+, which are both at m/z = 44, as
used in previous publications [17,43–45]. Due to the low vapor
pressure or low volatility of acetic acid in the low concentration
of solution, no potential dependence for m/z = 60 could bedetected. Therefore, acetic acid was detected indirectly monitoring
the signal m/z = 61 [17,46,47] of the ethylacetate ester
([CH3CO2H2]+). The formation of ethylacetate may occur via nucle-
ophilic attack of an ethanol molecule to an adsorbed reaction inter-
mediate, with a mechanism similar to that of methylformate
production, during methanol electro-oxidation, as published be-
fore [48].
The average current efﬁciency for complete ethanol electro-
oxidation to CO2 per one carbon atom (12 electrons per ethanol




where Qf and If are the Faradaic charge and Faradaic current during
ethanol oxidation, respectively, and Qi and Ii are the corresponding
mass spectrometric charge and current of m/z = 22; the factor 6 re-
fers to the number of electrons needed for the formation of one CO2
molecule from ethanol, and K22 is the calibration constant for m/
z = 22 determined from COad oxidation (CO stripping) or CO bulk
oxidation on a Pt catalyst. For COad oxidation and CO bulk oxidation,








where Qf and If are the Faradaic charge and the Faradaic current
during COad oxidation and CO bulk oxidation, respectively, and Qi
and Ii are the corresponding mass spectrometric charge and current
of m/z = 22. The factor 2 refers to the number of electrons needed
for formation of one CO2 molecule from COad or bulk CO. For the
CO stripping experiments, the CO saturation coverage on the elect-
rocatalyst surface was achieved by bubbling CO in the solution for
10 min with the electrode polarized at 0.05 V, followed by bubbling
N2 for 40 min in order to eliminate dissolved CO [49].
All the experiments with CO and ethanol were carried out in
0.1 mol L1 HClO4 or 0.1 mol L1 HClO4/0.01 and 0.1 mol L1
C2H5OH electrolytes, prepared from high purity reagents (Sigma–
Aldrich) and water puriﬁed in a Milli-Q (Millipore) system. A large
area platinum screen (platinized Pt) served as counter and a
reversible hydrogen electrode (RHE) in 0.1 mol L1 HClO4 was used
as reference electrode. Cyclic voltammetry measurements were re-
corded in the potentiostatic mode using a 1287A Solartron poten-
tiostat, under controlled temperatures of 25 and 60 ± 0.1 C using a
Hakee-K20 thermostat.
3. Results and discussion
3.1. Nanoparticle characterization
The TEM images and the particle diameter distribution histo-
grams obtained for the Pt/C, Rh/C, and Pt1/Rh/C materials are pre-
sented in Fig. 1. The images reveal uniform distribution of Pt and
Rh nanoparticles on the carbon powder support, but with heteroge-
neousdistribution in size. According to the obtainedhistograms, Rh/
C and Pt1/Rh/C presented average particle size in the range of 2–
6 nm, and large particle agglomerates in the range of 17–21 nm,
while Pt/C possess average particle size in the range of 2–5 nm,
with some agglomerates of 8–9 nm. Fig. 2 shows theX-raydiffraction
Fig. 1. TEM images and particle size distribution histograms for the different
carbon-supported nanoparticles: (a) Pt/C; (b) Rh/C, and (c) Pt1/Rh/C.
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The XRD patterns show the ﬁve main characteristic peaks of the
face-centered cubic (fcc) crystalline structure of Pt and Rh, namely
the (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) planes. Sharper diffrac-
tion peaks are observed for the Rh/Cmaterial,while those of the Pt/C
are broader. For Pt1Rh/C, the slight shoulder, instead of a sharp
diffraction peak, observed at ca. 39.8 (left – indicated by an arrow)indirectly evidences that the deposition of Pt on Rh/C catalysts con-
ducts to the formation of Pt sub-monolayers (larger cluster would
present more intense and sharp diffraction peak). The Scherrer
equation was used in order to estimate the average crystallite sizes.
The calculations resulted in 6, 19 and 19.5 nm for Pt/C, Rh/C and
Pt1Rh/C, respectively. The larger crystallite sizes obtained for Rh/C
and Pt1Rh/C compared to those for Pt/C nanoparticles may be as-
cribed to themore facile growth of Rh, during the thermal treatment
under H2 atmosphere, as its surface energy is less negative than that
of Pt. Here, it is important to observe discrepancies between the size
of the nanoparticles determined by TEM and XRD. However, it is
worth to mention that XRD measurement results have, in average,
higher contribution from larger crystallites, the presence of which
can be observed in the TEM images presented in Fig. 1b and c.
3.2. DEMS experiments of ethanol electro-oxidation on Pt/C and Rh/C
nanoparticles
Fig. 3 shows the cyclic voltammograms (CV) for ethanol electro-
oxidation catalyzed by Pt/C in 0.01 mol L1 (thin line) and
0.1 mol L1 (thick line) ethanol containing 0.1 mol L1 HClO4 solu-
tion, at 25 (line) and 60 C (line + symbol), which were recorded
during repetitive cycling. The onset potential of ethanol electro-
oxidation is close to 0.40 V. Below this potential, and according
to previous works [14,50] the reaction seems to be inhibited by ad-
sorbed intermediates such as CO and CHx species, due to the disso-
ciative adsorption of ethanol. Above this potential, the reaction
rate increases considerably due to the oxidation of these adsorbed
intermediates. For the different reaction conditions, it can be ob-
served a double peak in the positive going scan and, at higher
potentials, the current drops due to the competition between the
adsorption of ethanol and the activation of water molecules form-
ing Pt–O species. In the negative-going scan, the reaction remains
inhibited until the Pt–O electro-reduction at 0.85 V, and then in-
creases abruptly due to the liberation of active metallic Pt sites
for ethanol adsorption [17]. After this, the reaction decreases at
more negative potentials due to ‘‘re-poisoning’’ of the catalyst sur-
face by CO and CHx species. The results also show that a 10-fold in-
crease in ethanol concentration results in ca. 4-fold increase in
Faradaic current. These values agree with those obtained before
by Wang et al., but using a ﬂow cell conﬁguration [17]. The in-
crease in the cell temperature from 25 to 60 C, decreases the reac-
tion onset, and yields a 1.5-fold increase in the ﬁrst oxidation peak
on Pt/C for 0.01 mol L1 of ethanol, and a 1.4-fold increase for
0.1 mol L1 of ethanol. Here, it is important to mention that, in
the present work, the experiments were conducted in a stagnant
electrolyte DEMS cell, so the reactant mass transport in the vicin-
ities of the working electrode is limited. This explains the slight
lower ethanol electro-oxidation Faradaic currents obtained in this
work when compared to those obtained in previous published
works using the ﬂow cell conﬁguration [14,17].
The reaction products formed during the course of the ethanol
electro-oxidation catalyzed by Pt/C at the different studied condi-
tions were monitored by on-line DEMS experiments. The CO2 for-
mation was monitored using the m/z = 22 signal, which
corresponds the doubly ionized molecular ion signal ½COþþ2 , and
the formation of acetaldehyde was followed atm/z = 29, which cor-
responds to the [CHO]+ fragment [51,52]. Fig. 4 shows the mass sig-
nals of DEMS experiments during potentiodynamic ethanol
electro-oxidation, catalyzed by Pt/C, in 0.01 and 0.1 mol L1 etha-
nol + 0.1 mol L1 HClO4 solutions, at 25 and 60 C. The onset of
CO2, in the forward scan, passes through a peak at ca. 0.75 V, and
then decrease in the potential interval of high Pt–O coverage. In
the negative-going scan, the CO2 formation is repressed over the
entire potential range. This behavior indicates that the CO2
formation during the positive-going scan is associated to the
Fig. 2. X-ray diffraction patterns for the carbon-supported Rh/C, Pt1Rh/C and Pt/C electrocatalysts (left); detail of the (111) diffraction peaks (right).
Fig. 3. Faradaic current signals in DEMS measurements for the Pt/C electrocatalyst
during CV of ethanol electro-oxidation reaction in 0.01 mol L–1 (thin line + small
symbol) and 0.1 mol L–1 (thick line + big symbol) ethanol containing in 0.1 mol L–1
HClO4 electrolyte at 25 oC (line) and 60 oC (line + symbol). Scan rate of 0.01 V s–1.
60 D.A. Cantane et al. / Journal of Electroanalytical Chemistry 681 (2012) 56–65oxidation of adsorbed intermediates such as CO and CHx, formed
from the dissociative adsorption ethanol at low potential, to CO2,
instead of the oxidation of bulk ethanol molecules. Indeed, as
showed in previous works [9,24], the CO formation can be already
observed at 0.1 V, evidencing that the C–C bond can be break both
in the positive and negative scans during potential excursion to
lower values of the electrode potentials.
The variation of the cell temperature induces a decrease in the
CO2 formation onset, but the change in cell temperature and etha-
nol concentration and do not produce a signiﬁcant variation on the
amount of CO2 produced in the positive-going scan. On the other
hand, the acetaldehyde signal follows the trend of the Faradaic cur-
rent. The curves obtained for 0.01 mol L1 of ethanol present sim-
ilar CO2 production compared to the other investigated conditions,
but much lower acetaldehyde formation. Furthermore, when the
cell temperature is increased to 60 C, the m/z = 44 signal behaves
similar to m/z = 22. As the m/z = 44 signal has the contribution
from acetaldehyde and CO2, it can be inferred that the m/z = 44 is
related mostly to CO2 formation. On the other hand, the increase
in the ethanol concentration to 0.1 mol L1 produces a strongincrease in the Faradaic current (overall reaction rate) (Fig. 4),
and this gain is accompanied by a strong increase in the acetalde-
hyde signal, while the CO2 formation remains nearly constant.
Additionally, ethylacetate ester, which was not observed at lower
ethanol concentration (0.01 mol L1), starts to be detected through
the m/z = 61 fragment (smoothed signal) in the negative-going
scan at 60 C. This signal appears signiﬁcantly delayed compared
to the Faradaic current signal. As also observed and discussed in
Ref. [17], this delay is due to the slow ester permeation through
the Teﬂon membrane because of the relatively large size of the es-
ter molecule. These results evidence higher CO2/acetaldehyde ratio
for lower concentrations of ethanol and strong decrease in the
reaction efﬁciency for more concentrated solutions, even at 60 C.
Fig. 5 shows the cyclic voltammograms for ethanol electro-
oxidation catalyzed by Rh/C. The currents of electrochemical oxi-
dation of ethanol on Rh/C present a different behavior when
compared to those of Pt/C. At low potential, the reaction is also
inhibited by adsorbed intermediates, similar to those for Pt/C
(CO and CHx), as suggested by Mendez et al. [53]. The ethanol
electro-oxidation starts at ca. 0.4 V. Above this potential, the
reaction rate increases slightly and reaches a ‘‘plateau’’ in the
potential range of 0.75–1.0 V. The 10-fold increase in the ethanol
concentration conducted to only ca. 1.3-fold increase in the elec-
trochemical current. It is important to note that, in all investi-
gated conditions, the anodic currents obtained from the
electrochemical oxidation of ethanol on Rh/C are only slightly
higher than those obtained in the absence of ethanol (cyclic vol-
tammogram in pure electrolyte). The CV results for Rh/C show a
very small raise in the anodic currents when ethanol is present
in the electrolyte. This reﬂects in a very low production of ionic
mass signals during DEMS measurements for Rh/C, as will be
further discussed below. Furthermore, the electrochemical cur-
rent increase due to ethanol oxidation, in relation to the CV in
pure electrolyte, is 10–15 lower than those obtained for Pt/C,
in the same conditions, which evidences a considerably lower
overall reaction rate on the Rh/C electrocatalyst. In the nega-
tive-going scan, the current seems to follow the CV in pure elec-
trolyte (thin solid line), and, apparently, does not reactivate after
the Rh–O reduction (0.5 V). Also, it is worth noting that the cur-
rents obtained on Rh/C are in average 6-fold lower than those
for Pt/C.
Fig. 4. Ionic current signals obtained in DEMS measurements for the Pt/C electrocataly during CV of ethanol electro-oxidation: (a) m/z = 44 (carbon dioxide,
CO2+, + acetaldehyde, CH3CHO+); (b) m/z = 22 (CO22+); (c) m/z = 29 (acetaldehyde, CHO+); and (d) m/z = 61 (ethylacetate, CH3CO2H2+) in 0.01 mol L–1 (thin line + small
symbol) and 0.1 mol L–1 (thick line + big symbol) ethanol containing in 0.1 mol L–1 HClO4 electrolyte at 25 oC (line) and 60 oC (line + symbol). Scan rate of 0.01 V s–1.
Fig. 5. Faradaic current signals in DEMS measurements for the Rh/C electrocatalyst
during CV of ethanol electro-oxidation reaction in 0.01 mol L–1 (thin line + small
symbol) and 0.1 mol L–1 (thick line + big symbol) ethanol containing in 0.1 mol L–1
HClO4 electrolyte at 25 oC (line) and 60 oC (line + symbol). Scan rate of 0.01 V s–1.
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tion catalyzed by Rh/C are presented in Fig. 6. As mentioned before,
the raise in the Faradaic current due to the electro-oxidation of
ethanol, in relation to the current in absence of ethanol (CV in pure
electrolyte), is 10–15 lower in magnitude than those obtained for
Pt/C, resulting in much lower mass fragment ionic currents during
the DEMS experiments for Rh/C, as observed in Fig. 6. It can be
noted that the CO2 formation (m/z = 22) deﬁnes a peak at ca.
0.65 V, and decreases very smoothly, almost deﬁning a plateau.
Although the ethanol oxidation rate on Rh/C is much lower than
that on Pt/C, one interesting aspect is that, differently to what
was observed for Pt/C, the increase of the ethanol concentration
and of the cell temperature produces an increase of m/z = 22 and
m/z = 44, which is not proportionally accompanied by that of the
m/z = 29 signal (acetaldehyde). So, it can be argued that the CO2/
acetaldehyde signal ratio is larger than that for Pt/C. However, as
observed for Pt/C, in the backward scan, the CO2 formation is com-
pletely suppressed in the entire potential range, suggesting that,also in the case of Rh/C, the CO2 formation originates from the oxi-
dation of adsorbed reaction intermediates of 1-carbon (CO and
CHx), instead of bulk ethanol molecules. Furthermore, as can be ob-
served in Fig. 6a and b, the proﬁle of the ﬁrst cycle (dotted line) of
the ionic current for the m/z = 44 fragment is similar to that for m/
z = 22, and it is higher in magnitude, than that form/z = 29 (Fig. 6c).
However, in the second scan, the magnitude of them/z = 44 andm/
z = 22 signals decrease, and that of m/z = 29 (acetaldehyde) in-
creases, these magnitudes remaining stable for several subsequent
cycles. This evidences that, in the ﬁrst CV of ethanol electrochem-
ical oxidation, the Rh surface is poisoned by adsorbed intermediate
species, such as CHx, partially blocking important active sites for
the C–C bond breaking step (the magnitude of these different mass
signals remained stable since the ﬁrst cycle for the case of the Pt/C
electrocatalyst). Even considering the mass signal magnitudes of
the second cycles, it can be observed that the m/z = 22/m/z = 29 ra-
tio is higher for Rh/C than for Pt/C electrocatalyst, evidencing high-
er CO2 conversion efﬁciency for Rh/C.
In order to make the comparison more quantitative, we have
calculated the average current efﬁciencies for CO2 formation, inte-
grated over a complete cycle. Although Sun et al. [14] showed that
the calculations of CO2 current efﬁciencies are affected by the con-
volution of potential effects and time effects (different adlayer cov-
erage and composition in the potentiodynamic measurements),
and distortions arising from decay time of the CO2 signal, our cal-
culations were used to estimate the trends of CO2 formation on the
different electrocatalysts. The results of the average current efﬁ-
ciencies are presented in Table 1. The values increase with the de-
crease in the ethanol concentration, and increase with the cell
temperature. The decrease in the average current efﬁciency for
CO2 formation when the ethanol concentration is increased may
be associated due to the limited availability of free Pt sites for
water adsorption, which is the O-donor for the oxidation steps
[4]. The values obtained for Pt/C are higher than those obtained
in a previous work, using similar catalyst [17]. As observed by
Rao et al. [54], using a ﬂowing setup detection cell, the current efﬁ-
ciencies for CO2 showed a strong dependency with the ﬂow rate
and with the electrocatalyst loading. The higher current efﬁcien-
cies obtained here are due to the DEMS experimental conditions
Fig. 6. Ionic current signals obtained in DEMS measurements for the Rh/C electrocatalyst during CV of ethanol electro-oxidation reaction: (a) m/z = 44 (carbon dioxide,
CO2+, + acetaldehyde, CH3CHO+); (b)m/z = 22 (CO22+); (c)m/z = 29 (acetaldehyde, CHO+); and (d)m/z = 61 (ethylacetate, CH3CO2H2+) in 0.01 mol L–1 (thin line + small symbol)
and 0.1 mol L–1 (thick line + big symbol) ethanol containing in 0.1 mol L–1 HClO4 electrolyte at 25 oC (line) and 60 oC (line + symbol). Scan rate of cycle 0.01 V s–1. The ﬁrst CV
cycle is also presented (dotted line).
Table 1
Average current efﬁciencies (Aq) for CO2, during ethanol electro-oxidation over Pt/C,
Rh/C, and Pt1Rh/C electrocatalysts, in 0.01 and 0.1 mol L1 ethanol + 0.1 mol L1
HClO4 solutions, integrated over a complete potential cycle.
Pt Rh Pt1Rh/C
0.01 M 0.1 M 0.01 M 0.1 M 0.01 M 0.1 M
25 C 12.0% 3.5% 30.0% 19.0% – 6.5%
60 C 17.0% 4.4% 45.0% 34.0% –
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der in the electrode. The stagnant electrolyte allows the re-adsorp-
tion of reaction intermediate species, and the thicker catalytic layer
increases the residence time inside the layer, both contributing to
increase in the conversion efﬁciency to CO2. One surprising aspect
is the much higher current efﬁciencies obtained on Rh/C, on both
conditions of ethanol concentration and cell temperature. Unfortu-
nately, this is the value for an entire cycle and, as mentioned above,
the formation of CO2 takes place only during the positive-going
scan, which is related to the oxidation of 1-carbon species formed
during the dissociative adsorption of ethanol at lower potentials.
Using platinum as electrocatalyst, Iwasita and Pastor [25] con-
ducted experiments of ethanol stripping. It was observed that, after
ethanol adsorption at potentials close to 0.35 V, the anodic strip-
ping of the adsorbed intermediates formed only CO2 as reaction
product. When the adsorption was followed by potential excur-
sions to lower values, the ethanol adsorbed intermediates suffered
electro-reduction producing ethane and methane. On Rh elec-
trodes, Mendez et al. [53] observed that CO2 is also the unique
reaction product during ethanol stripping on anodic scans. Con-
versely, only methane was detected during experiments of adsorp-
tion followed by electro-reduction. Similar results for the m/z = 15
signal (methane) were obtained in the present work (not shown) at
lower potential values for both Pt/C and Rh/C. This result indicates
that deprotonation and cleavage of the C–C bond of the ethanol
molecules are favored when Rh is used as electrocatalyst. As men-
tioned above, the ethanol electro-oxidation reaction may involvethe ethanol adsorption, followed by deprotonation, C–C bond
breaking, and oxygen addition to form CO2. On Rh/C electrocata-
lyst, it seems that the steps of adsorption and deprotonation occur
at a higher extent, producing a reactive intermediate, such as
CH2CHOads or CH2CH2Oads, suggested in the Refs. [23] and [18],
respectively, these species being more susceptive for the C–C bond
breaking. This may explain the previous observation of the pres-
ence of only methane, during the ethanol electro-reduction, and
its higher current efﬁciency for CO2 production, during ethanol
electro-oxidation on Rh/C, when compared to that for Pt/C.
For the effect of ethanol concentration, the following aspects
have to be considered:
Theadsorptionof ethanol onPt andonRh is relativelyweak, but it
is favoredby an increase of bulk ethanol concentration. Also, ethanol
molecules cannot easily displace hydrogen for its adsorption. In the
case of the reaction catalyzed by Pt/C, the increase in the ethanol
concentration from 0.01 to 0.1 mol L1 leads to a slight increase in
the amount ethanol molecules adsorbed in the electrode. However,
the total quantity of CO2 produced in the positive-going was very
similar for the investigated condition. The increase in the ethanol
bulk concentration reﬂected on an increase in acetaldehyde forma-
tion, evidencing the low activity of Pt/C for the electro-oxidation of
reaction intermediates to a high extent, as mentioned before [4].
On the other hand, for the case of Rh/C, as its activity for ethanol
deprotonation and C–C bond break seems to be higher than that
for Pt/C, the increase in the ethanol concentration leads to higher
amount of 1-carbon species adsorbed on its surface, which results
in CO2 in positive-going scan. As only acetaldehyde is produced in
the negative-going scan for bothmetals, the dissociative adsorption,
followedby thedeprotonation steps, appears to bemuch faster or fa-
vored at lower potential. Actually, this can be supported by a previ-
ous work [14], where it was suggested that, at low potentials, the
rate-determining step is theCOadoxidationand, at higher potentials,
the rate-determining step is the C–C bond breaking (COad forma-
tion). This explains the formation of CO2 in the positive-going scan,
and its absence in the negative-going scan.
Fig. 7. Faradaic current signals in DEMS measurements for the different Pt/Rh/C-
based electrocatalysts during CV of ethanol electro-oxidation reaction in 0.1 mol L–1
ethanol, and at 25 oC, in 0.1 mol L–1 HClO4 electrolyte. Scan rate of 10 mV s–1.
Fig. inset: Faradaic currents of CO stripping experiments obtained on the different
Pt/Rh/C-based electrocatalysts at 25 oC. Scan rate of 10 mV s–1, and adsorption
potential of 50 mV.
Fig. 8. Ionic current signals obtained in DEMS experiments for the different Pt/Rh/
C-based electrocatalysts during CV of ethanol electro-oxidation reaction: (a) m/
z = 22 (CO22+); (b) m/z = 44 (carbon dioxide, CO2+, + acetaldehyde, CH3CHO+); and
(c) m/z = 29 (acetaldehyde, CHO+) in 0.1 mol L–1 ethanol + 0.1 mol L–1 HClO4 elec-
trolyte, and at 25 oC. Scan rate of 0.01 V s–1.
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nanoparticles
In order to combine the electrocatalytic properties of Rh and Pt,
experiments of ethanol electro-oxidation catalyzed by Pt sub-mon-
olayers deposited on Rh/C nanoparticles were carried out. Fig. 7
(inset) presents the curves of CO stripping obtained for the Pt/
Rh/C-based electrocatalysts. The curves present similar behavior
for the investigated materials, indicating similar activities for the
electro-oxidation of adsorbed CO. Also, the onset and the peak
potentials are very similar to those encountered for Pt/C and Rh/
C. This evidences that the down-shift of the Pt d-band center in-
duced by the Rh atoms, and/or a possible bi-functional effect of
Pt and Rh have slight or insigniﬁcant consequence for the COads
electro-oxidation. The CO electro-oxidation rate depends on the
balance between the OH (extent of the water dissociation) and
CO coverage on the catalyst surface for the CO–OH coupling. On
these PtML/Rh/C core–shell nanoparticles, there is the exposition
of both metals to the electrolyte. The electronic structures of bulk
Pt and Rh reveals that the Rh d-band center (1.75 eV) is higher
than that for Pt (2.25 eV) [55] and, therefore, higher coverage of
CO and OH is expected on the Rh surface. Different coverage de-
grees of Pt may lead to different sizes of Pt clusters on the Rh sur-
face, and different quantities of Rh atoms exposed to the
electrolyte. Lower coverage degrees of Pt results in smaller Pt
and may suffer a slight up-shift of their d-band center, conducting
to stronger Pt–CO bond and, eventually, lower CO oxidation rate
[56]. But, this is counterbalanced by the Rh atoms in the substrate,
which produces a down-shift of the Pt d-band center (lower Pt–CO
adsorption strength) [55]. These two opposite effects may be ex-
plain the similar CO stripping activities observed in Fig. 7 (inset).
The Faradaic currents of ethanol electro-oxidation, measured
during the potentiodynamic ethanol electro-oxidation in
0.1 mol L1 ethanol + 0.1 mol L1 HClO4 solutions, at 25 C, cata-
lyzed by the Pt/Rh/C-based nanoparticles, are also presented in
Fig. 7. The curves show that the onset potential of ethanol elec-
tro-oxidation is close to 0.4 V for the three different investigated
materials. Below this potential, the reaction appears to be inhibited
by adsorbed intermediates, as mentioned before. In the reverse
scan, a slight reactivation is observed, but only for the materials
with higher Pt loading. Analyzing the obtained curves, one can ob-
serve that their magnitudes are situated between those for pureRh/C and Pt/C. As the Pt content increases, the behavior of the
curve approximates to that of pure Pt/C and, for a lower Pt loading,
the curve approaches that for pure Rh/C. This evidences that the
procedure of Pt deposition, being conducted twice, is enough for
an almost complete coverage of the Rh surface by Pt atoms.
Fig. 8 presents the mass signals obtained during the CV mea-
surements corresponding to Fig. 7. The curves show that the CO2
formation (m/z = 22) (Fig. 8a) for all Pt/Rh/C-based materials dis-
plays a peak at ca. 0.80 V, and decreases at more positive
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pressed in the whole potential range, indicating also in this case
that the CO2 formation during the positive-going scan is associated
to the oxidation of adsorbed intermediates such as CO and CHx to
CO2, instead of the oxidation of bulk ethanol molecules. The aver-
age current efﬁciency for CO2 formation, integrated over a com-
plete cycle, for the Pt1Rh/C material, also presented in Table 1,
resulted in 6.5%, which is located between the efﬁciency values
for pure Pt/C and Rh/C electrocatalyts. The acetaldehyde signals
are more similar to the Faradaic currents, and their magnitude in-
creases with the increase in the Pt content on the Rh/C surface. But,
interestingly, although the Pt1/Rh/C material shows lower magni-
tudes of Faradaic and acetaldehyde currents (Fig. 8c), the signals
m/z = 22 (CO2) andm/z = 44 (CO2 + acetaldehyde) (Fig. 8b) are high-
er than those for Pt2Rh/C. This evidences higher CO2/acetaldehyde
signal ratio for the Pt1/Rh/C in the positive-going scan during
potentiodynamic experiments. Potentiostatic experiments of etha-
nol electro-oxidation (potential step from 0.05 to 0.5 V, and back to
0.05 V during 1800 s), catalyzed by these three different materials
(not shown here) evidenced that the Faradic current passed
through a higher initial maximum and then decayed continuously
with time to approach a quasi steady-state value. The average cur-
rent for Pt0.5/Rh/C was much lower than those for the two other
materials, in accordance with the potentiodynamic data. For the io-
nic current, Pt1/Rh/C demonstrated the best (m/z = 44)/(m/z = 29)
signal ratio over the entire interval of time. The ionic currents cor-
responding to the m/z = 29 fragment indicated slight higher value
for Pt2Rh/C.
These results indicate that the addition of Pt to Rh/C nanoparti-
cles increases the electro-oxidation rate of ethanol, when com-
pared to pure Rh/C. However, the Pt coverage at ca. 60% shows
some interplay between the Pt and Rh atoms in the electrocataly-
sis, in which Rh atoms from the nanoparticle substrate are exposed
to the electrolyte and, so, offer active sites for the ethanol adsorp-
tion. The better balance between the Faradaic current and reaction
product distribution achieved by the Pt1Rh/C electrocatalyst may
be attributed to its synergetic effect, where both metals are active
for the ethanol electro-oxidation. The obtained results showed that
the onset and/or the peak potentials for COads electro-oxidation on
the Pt/C, Rh/C and Pt1Rh/C electrocatalysts are very similar (Fig. 7
(inset)), which indicates that this may not inﬂuence the activity
of the PtRh/C-based materials for the ethanol electro-oxidation. It
can, therefore, be suggested that the synergetic effect arises from
the fact that the ethanol molecules adsorb on the Rh atoms, and
stay adsorbed due to the stronger adsorption on Rh than on Pt,
allowing the ethanol deprotonation to a higher extent. The pres-
ence of Pt atoms in the neighborhood may accelerate the ethanol
deprotonation, given that atomic hydrogen adsorbs strongly on
the Pt–Rh sites [18]. So, the ethanol decomposition may occur
through the formation of the reactive intermediate, such as
CH2CHOads [23] or CH2CH2Oads [18] that undergoes direct C–C bond
breaking. The stronger ethanol adsorption on Rh, and the faster
deprotonation on the Pt–Rh active sites might account for the in-
creased Faradaic current and the higher CO2/acetaldehyde signal
ratio observed in the Pt1Rh/C electrocatalyst. This material, how-
ever, was not efﬁcient for the electro-oxidation of bulk ethanol
molecules.
Different reaction conditions were previously pointed out aim-
ing at increasing the reaction efﬁciency for CO2 formation
[14,23,54]. The increasing catalyst loading and decreasing ethanol
concentration enhance the probability that mainly acetaldehyde
can re-adsorb and react further to CO2, before leaving the catalyst
layer. Also, the rate for CO2 formation increases signiﬁcantly with
increasing reaction temperature, but the activation energy de-
creases slightly with potential, this being associated with the tran-
sition from rate limiting COad oxidation at lower potentials to ratelimiting C–C bond breaking (COad formation) at higher potential. In
this context, the use of Pt/Rh/C-based electrocatalysts may further
raise the current efﬁciency for CO2 formation in realistic fuel cells
operating at low concentrations of ethanol and at higher
temperatures.4. Conclusions
The ethanol electro-oxidation reaction was studied on
carbon-supported Pt, Rh, and on Pt overlayers deposited on Rh
nanoparticles. TEM images revealed uniform distribution of Pt
and Rh nanoparticles on the carbon powder support, but with het-
erogeneous distribution in size. XRD results corroborated with
those of TEM, and indicated average crystallite sizes of 6, 19 and
19.5 nm for Pt/C, Rh/C and Pt1Rh/C, respectively. Cyclic voltammo-
grams experiments showed higher overall reaction rate for Pt/C,
when compared to that for Rh/C. On the other hand, the on-line
DEMS experiments revealed higher average current efﬁciencies
for complete ethanol electro-oxidation to CO2 on Rh/C. The current
efﬁciencies for CO2 increased with the increase in the cell temper-
ature and with the decrease in the ethanol concentration, this
being more pronounced for Rh/C. For both materials, the total
amount of CO2 was little affected by the temperature and by the
ethanol concentration and, additionally, CO2 formation was ob-
served only during the positive-going scan, evidencing that the
C–C bond breaking takes place only at lower potentials. So, even
for Rh/C, the formation of CO2 mainly results from oxidative re-
moval of adsorbed CO and CHx,ad species, generated from dissocia-
tive ethanol adsorption in the low potential region, instead of the
electrochemical oxidation of bulk ethanol molecules. The acetalde-
hyde mass signal, however, followed the Faradaic current, and the
acetaldehyde formation was greatly favored after increasing the
ethanol concentration from 0.01 to 0.1 mol L1, on both electrocat-
alysts. The results for the electrocatalysts composed by Pt overlay-
ers on Rh/C nanoparticles indicated that the Faradaic current and
conversion efﬁciency to CO2 can be increased by adjusting the
amount of Pt on the surface of the Rh/C nanoparticles. The higher
conversion efﬁciency for CO2 formation for the Pt1Rh/C material
was ascribed to its faster and more extensive ethanol deprotona-
tion on the Pt–Rh sites, producing adsorbed intermediates, in
which the C–C bond cleavage is facilitated. A further increase in
the temperature (>60 C) may activate the C–C bond breaking,
increasing the conversion efﬁciencies for CO2 production. Never-
theless, the stability of Rh atoms at higher cell temperatures
(>60 C) in realistic fuel cells is still not known. This is presently
under investigation in our laboratory.Acknowledgments
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